This paper examines the relationship between energy consumption and economic growth for the United States both at a country and at a sectoral level (Industry, Residential, Electric Power and Transportation) using an asymmetric threshold cointegration approach and monthly data from January 1991 to May 2016. Granger causality tests support a neutrality hypothesis for all sectors, except for the case of total consumption at the country level where a unidirectional causality is running from energy consumption to economic growth.
Introduction
Over the last decades, a substantial bulk of econometric frameworks have been the inciter in determining the relationship between economic growth and energy consumption.
1 Currently, many authors embark on review and classification of the existing literature (e.g. Ozturk, 2010; Payne, 2010; Smyth and Narayan, 2015) . There is a debate across the literature about the contribution of each approach. Specifically, researchers employing the prevalent models with the ordinary variables, by modifying solely the reckoned period (Karanfil, 2009; Stern, 2011) . Intrinsically, a large amount of studies that estimate the interrelated functionality between energy consumption and economic growth 2 , apply annual data (Tzeremes, 2017) ; whereas, only a fraction of studies implement higher frequency sample such as quarterly or monthly samples Smyth, 2009, 2013) . Therefore, this inquiry contributes to the relative literature by tendering a better understanding of how economic growth and energy consumption are interrelated by using the threshold cointegration and an asymmetric error correction model for the first time in the relevant literature.
It must be highlighted that a common feature in the applied econometric models is the hypothesis of linear relationships over the time period (Smyth and Narayan, 2015) . Hiemstra and Jones,(1994) asserted the existence of nonlinearity which is underlined below the linear causality tests. Given the amount of studies examined the phenomenon, only a slight number of them evaluated nonlinear causality among economic growth and energy consumption (Chiou-Wei et al., 2008; Dergiades et al., 2013; Fallahi, 2011; Huang et al., 2008; Lee and Chang, 2007; Omay et al., 2012;  1 The relative literature provides a vast amount of recent empirical findings on the matter subject from different regions and countries applying different methodological frameworks (among others, Naser, 2015; Chiou-Wei et al. 2016; Destek, 2016; Esso and Keho, 2016; Kahia et al., 2016; Ahmad and Du, 2017; Adewuyi and Awoduni, 2017; Ge et al., 2017) .
2 Burns et al., (2014) , were the first who used meta-analysis in 72 studies selected from this literature in order to determine if exist a genuine effect in this literature. Salamaliki and Venetis, 2013; Yang et al., 2010; Yildirim et al., 2014) . Moreover, Stern and Kander (2012) implement a static nonlinear production function providing evidence about the long-run relationship among the variables which is in fact nonlinear suggesting a small elasticity of substitution between the covariates 3 . Considering the aforementioned investigation, our inquiry contributes to the relevant literature by investigating the existence of a nonlinear relationship through the application of a threshold cointegration and an asymmetric error correction model.
Drawing evidence from a widespread dataset of US sectors (total primary energy consumption at a national level and at a sectoral level for four sectors), our analysis divulges pronounced nonlinearities (i.e. asymmetries effects) of the examined relationship. The present study diverges from the majority of the previous ones which report only cointegration estimates (Apergis and Payne, 2009a; Apergis and Payne, 2009b; Apergis and Payne, 2010a; Apergis and Payne, 2010b; Baranzini et al., 2013; Chandran et al., 2010; Fuinhas and Marques, 2012; Odhiambo, 2009; Sari et al., 2008; Shahbaz et al., 2012; Tang, 2008; Wolde-Rufael, 2010) and the single one which applies a threshold cointegration analysis (Esso, 2010) . Specifically, the present study is the first to examine the existence of an asymmetric behavior of the economic growthenergy consumption relationship at a sectoral level.
In this context, the contribution of this paper is twofold. Firstly, we investigate the asymmetric relationship between economic growth and energy consumption using a threshold cointegration approach, while examining the adjustment in the short term via asymmetric error correction model with threshold cointegration. This econometric approach has previously been used for the examination of asymmetric price 4 transmission (Al- Gudhea et al., 2007; Asane-Otoo and Schneider, 2015; Chen et al., 2005; Chen and Zhu, 2015; Kollias et al., 2016; Mighri and Mansouri, 2015; Sun, 2011; Tsai et al., 2012) . In this paper, we apply this framework at economic growth-energy consumption context in order to investigate for nonlinearities.
Secondly, we investigate the underlying relationship not only at a national level but also at a sectoral level (Industry, Residential, Electric Power and Transportation) for the first time. We begin our analysis by pretesting the variables for unit roots and stationarity using Augmented Dickey-Fuller (ADF) tests (Dickey and Fuller, 1979) . Moreover, as a robustness check we implement the Zivot and Andrews test (ZA) for possible structural breaks. Regarding the cointegration analysis we apply the Johansen approach (Johansen, 1988; Johansen & Juselius, 1990 ) and the Engle-Granger two-step 4 According to the EIA, in 2016 the US electric power sector primary energy consumption totalled 37783.781 trillion Btu of which fossil fuels comprised roughly 62.7%, nuclear 22.4%, and renewable 14.9%. Furthermore, the electric power sector is crucial for the generation of primary energy for other sectors (Gil-Alana et al., 2010) . Evidently, a shock related to the use of energy sources by the electric power sector such as a cap and trade legislation and the depletion of fossil fuels would seriously affect both the electric power sector and the other sectors of the economy. 5 http://www.eia.gov/ 6 According to Macroeconomic Advisers the index of Monthly GDP (MGDP) is a monthly indicator of real aggregate output that is conceptually consistent with real Gross Domestic Product (GDP) of the national income and product accounts. Moreover, MGDP is calculated using the same underlying monthly source data that is used in the calculation of GDP. Finally, the method of aggregation of MGDP is similar to that for the official GDP. http://www.macroadvisers.com/6 procedure (Engle and Granger, 1987) 8 . Likewise, Enders and Siklos (2001) proposed a two-regime threshold cointegration which extends the Engle-Granger two-step cointegration test by allowing the possible asymmetric adjustment to disequilibrium.
Suppose is the energy consumption and is the GDP (both are integrated in order one). Then the cointegration relationship can be stipulated as:
where 0 and 1 are coefficients and is the disturbance term, which should be stationary in the existence of a long-run relationship among the two integrated series.
The asymmetric adjustment towards the long-run equilibrium of estimated residual is given by:
where is an indicator function taking the following values: In Eq. (2) represents the number of lags which have been selected using the Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC).
Furthermore, 1 , 2 represent the coefficients, whereas the term represents the threshold value and the difference operator. Finally, is assumed to be white noise.
According to Enders and Granger (1998) and Enders and Siklos (2001) the estimated model (defined as the level of residuals) using the Eqs. (1), (2) and (3a) is 7 referred to as the Threshold Autoregressive models (TAR) 9 , whereas, the estimated model (defined as the change in residuals) using the Eqs. (1), (2) and (3b) is referred to as the Momentum Threshold Autoregressive models (MTAR). Furthermore, the consistent estimate of the threshold can be adopted by utilizing Chan's (1993) approach by minimizing the sum of squares errors from the fitted model.
Considering all the possible methodological settings, four models are estimated in this study, namely: the TAR in Eq. (3a) 
Asymmetric error correction model with threshold cointegration
According to Engle and Granger (1987) , if all variables are cointegrated, then there will be a corresponding error correction model (ECM). According to the relative literature two extensions has been proposed for this model. Firstly, an extension by Granger and Lee (1989) , where the error correction terms and first differences on the variables are decomposed into positive and negative variables, and secondly, the one which is enhancing the Granger and Lee (1989) model via the threshold cointegration mechanism (Balke and Fomby, 1997; Enders and Granger, 1998) .
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In this study, the asymmetric error correction model with threshold cointegration is described as follows: 
Empirical results
The descriptive statistics for all the variables used in our models are presented in Table 1 . In addition, ADF unit root tests were undertaken to infer the maximum order of integration among the variables 10 . The tests were employed to the drift and trend, whereas the lag length of the test was determined by the AIC statistic. Plausibly, the results from the ADF statistics suggest that the variables of primary energy consumption (TPC, RPC, EPPC, IPC and TRPC) are integrated of order zero I(0).
Additionally, the ZA unit root test was employed to the full sample of all the monthly series and the results proved the unit root hypothesis as well as the existence of a structural break. Consequently, all variables are integrated of order one I(1).
The linear cointegration analysis was applied by using the Johansen and EngleGranger approach. For the case of Johansen cointegration, four lags have been considered. Moreover, the determination of a lag length was based on the lowest AIC and BIC values. As illustrated in Table 2 11 , the Johansen maximum eigenvalue statistic (λmax) and trace (λtrace) implies that the variables are cointegrated between the quantities of primary energy consumption and GDP 12 for all the cases. On the other hand, when testing the null hypothesis of one cointegrating vector, the Johansen maximum eigenvalue statistic suggests that the variables are cointegrated but only for the cases of 'constant' and 'none'.
The Engle-Granger two-step cointegration (see Eq. 1) probes the long-term relationship between the primary energy consumption and GDP. The estimation of the coefficient for TPC-GDP (i.e. 1 ) is 0.186, for RPC-GDP is -0.64, for EPPC-GDP is 0.381, for IPC-GDP is -0.175 and for TRPC-GDP is 0.358. Note that all the coefficients are statistically significant at 1%. Furthermore, Table 3 reports the statistics from the unit root tests which are -0.291, -0.64, -0.615, -0.21 and -0.395 for the RPC-GDP, TPC-GDP, EPPC-GDP, IPC-GDP and TRPC-GDP respectively. The results from both tests (Johansen and Engle-Granger approach) confirm that the quantities of primary energy consumption and GDP are cointegrated 13 . Table 1 and Table 2 about here 11 The critical values are from Enders (2004) and "r" is the number of cointegrating vectors.
Empirical findings of the threshold cointegration analysis
In our analysis the threshold autoregression model is applied in order to determine the long-run relationship between primary energy consumption and GDP.
Furthermore, we apply four asymmetry models (i.e., TAR, MTAR, consistent TAR, consistent MTAR). In Table 3 14 the reported results are derived from the diagnostic analysis on the residuals using the AIC and BIC (maximum lag is 12) criteria.
Moreover, we employ the Chan's (1993) method to evaluate the threshold values for the consistency of the TAR and MTAR models. Note that ρ1 and ρ2 refers to Eq. (2) and Φ is the threshold cointegration test ) are fully integrated at 40.3% per month.
Essentially, in the case of EPPC-GDP the positive shocks take about 5.2 months
(1/0.192=5.2 months) to be fully digested while the negative deviation takes about 1.5 months (1/0.668=1.49 months) only. For TRPC-GDP, the positive shocks take about 5.5 months (1/0.178=5.6 months) to be fully digested while the negative shocks take about only 2.5 months (1/0.403=4.48 months). Our empirical findings suggest that in positive shocks there is a substantially slower convergence for the long-term equilibrium than for negative shocks both for EPPC-GDP and TRPC-GDP. 
Empirical findings of the asymmetric error correction model
The threshold cointegration analysis disclosed the asymmetric error correction model among the series. As above, our interpretation is focused on the results from the consistent MTAR model (EPPC-GDP and TRPC-GDP). Table 4 reports and Figure 1 
Concluding remarks and policy implications
Indicating a vast number of authors who have investigated the connection between the energy use and GDP. The results are diverse relative to the variables, the period or the methodological patterns chosen. Based on this framework this study further investigates the relationship among energy consumption and GDP for the United States at a national and at a sectoral level for four sectors. In light of methodological part, the contribution depends on the information that for the first time this connection has been probed with econometric tools which are normally applied on prices (Meyer and Cramon-Taubadel, 2004; Frey and Manera, 2007; Sun, 2011; Mighri and Mansouri, 2015) . Specifically, we apply a threshold cointegration approach by implementing monthly data. Furthermore, we examine the adjustment in the short term via asymmetric error correction model with threshold 15 cointegration incorporated. Most importantly, the results reveal an asymmetric relationship signifying non-linearity.
In detail, we apply the threshold autoregression model in order to contend the longrun relationship among primary energy consumption and GDP. We focused on the consistent MTAR model and we found that in the case of EPPC-GDP the positive shocks take about 5.2 months to be fully digested while the negative deviation take about 1.5 months only.
Furthermore, in the case of TRPC-GDP, the positive shocks take about 5.5 months to be fully digested while the negative shocks take about 2.5 months only. Moreover, the adjustment speed in both cases (EPPC-GDP and TRPC-GDP) is faster in the presence of negative deviation from the long-run equilibrium. The unanticipated outcomes for each sector are proved by the sectoral differences, inter alia; the fuel combination (such as oil, gas, renewable energy), the arrangement of GDP for each sector over the period and the ratio of technical advancement (Judson et al., 1999) . Our findings suggest that increases in energy consumption at a national level provoke increases in economic growth. Yet, this outcome assert that diminish economic growth may not have an adverse consequence on energy consumption. Evidently, our findings endorse that USA should pass legislation to restrict GHGs and handling environmental degradation.
It can easily be derived that by decreasing energy intensity, increasing energy efficiency and changing the fuel mix in the direction of renewable energy sources. Moreover, decision makers have to consider the asymmetric causality between energy consumption and GDP growth.
Lastly, the outcomes signified that a causal relationship on aggregate level is not the same in a sectoral level, thus, initiating a research agenda towards this direction. Moreover, future research extending the two-regime threshold cointegration model to three and more regimes and/or an error correction model within a threshold cointegration via component GARCH errors framework could be considered. Another intriguing research theme is asymmetric Granger causality that is proposed by Hatemi-j (2012) and could be very useful in order to better comprehend the idiosyncratic characteristics of US sectoral level. 
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